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Enhanced dynamical fluctuations of RNAs, facilitated by a network of water molecules with
strong interactions with RNA, are suspected to be critical in their ability to respond to a variety of
cellular signals. Using atomically detailed molecular dynamics simulations at various temperatures
of purine (adenine)- and preQ1 sensing riboswitch aptamers, which control gene expression by
sensing and binding to metabolites, we show that water molecules in the vicinity of RNAs undergo
complex dynamics depending on the local structures of the RNAs. The overall lifetimes of hydrogen
bonds (HBs) of surface bound waters are more than at least 1–2 orders of magnitude longer
than bulk water. Slow hydration dynamics, revealed in non-Arrhenius behavior of the relaxation
time, arises from high activation barriers to break water hydrogen bonds with a nucleotide and
by reduced diffusion of water. The relaxation kinetics at specific locations in the two RNAs show
a broad spectrum of time scales reminiscent of glass-like behavior, suggesting that the hydration
dynamics is highly heterogeneous. Both RNAs undergo dynamic transition at T = TD & 200 K
as assessed by the mean square fluctuation of hydrogen atoms 〈x2〉, which undergoes an abrupt
harmonic-to-anharmonic transition at TD. The near universal value of TD found for these RNAs
and previously for tRNA is strongly correlated with changes in hydration dynamics as T is altered.
Hierarchical dynamics of waters associated with the RNA surface, revealed in the motions of distinct
classes of water with well-separated time scales, reflects the heterogeneous local environment on the
molecular surface of RNA. At low temperatures slow water dynamics predominates over structural
transitions. Our study demonstrates that the complex interplay of dynamics between water and
local environment in the RNA structures could be a key determinant of the functional activities of
RNA.
Keywords: hydrogen bond; riboswitch aptamers; surface water; relaxation kinetics; Vogel-
Fulcher-Tamman (VFT) equation; Arrhenius equation
INTRODUCTION
Water, the most abundant constituent in living or-
ganisms, is an essential determinant of the structure
and dynamics, and hence the functions of biomolecules
[1–7]. In the well understood case of proteins the
thermodynamic driving force that minimizes the free
energy of proteins arises from the simultaneous re-
quirements to sequester hydrophobic residues from
water, and increase the extent of hydration of the
surface-exposed hydrophilic residues. Interactions of
hydrophilic residues with water enhance the dynam-
ical fluctuation of proteins, promoting enzymatic ac-
tivity [2–5, 8, 9]. Dynamic fluctuations of solvated
folded proteins, quantified by the motion of hydrogen
atoms using neutron scattering measurement, in aque-
ous D2O solution exhibit qualitative difference from
dry proteins, the latter of which can be experimented
in a dry powder form, in glycerol solvent [10], or in
cryosolvent CD3OD/D2O, DMSO/D2O mixed in var-
ious proportions [9]. Temperature dependence of pro-
tein fluctuation shows that at low temperature mean
square displacement (MSD) of hydrogen atoms 〈x2〉
in both wet and dry proteins increases in an identi-
cal fashion, but 〈x2〉 of wet proteins begins to deviate
from its linear temperature dependence at the so called
dynamical transition temperature TD ≈ 200 K, which
coincides with the temperature range where functions
of most hydrated proteins begin to emerge [9, 11]. Al-
though the origin of enhanced amplitude of motion of
above TD continues to be debated, it is clear that there
is correlation between enzyme activity and abrupt in-
crease in 〈x2〉 above TD.
Although not as extensively investigated as proteins,
there are a number of studies on the hydration ef-
fects on DNA, focusing on hydration-induced confor-
mational change from A- to B-form as well as on the
variation in conductivity [1, 12–14]. In contrast, much
less is known about the nature of water dynamics on
RNA molecules and its role in modulating their func-
tions. Despite a few early studies [15, 16] the poten-
tial similarities and differences in hydration effects be-
tween proteins and RNA were first pointed out using a
combination of quasi-elastic neutron scattering experi-
ments complemented by preliminary simulations [6, 7].
These and more recent experimental [17, 18] and sim-
ulation studies on tRNA [7] and hairpin ribozyme [19]
have emphasized the role of relaxation of water local-
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2ized at the surface of RNA in inducing the dynamical
transition at TD.
There are many reasons to undertake a detailed
study of the impact of water on the native state fluc-
tuations of RNA. First, in executing many of their
functions RNA accesses low lying excitations, which
often might involve local melting of bases as a func-
tion of temperature. For example, in prokaryotes there
are temperature sensitive elements in the 5′ untrans-
lated regions (UTRs) which form base pair with ribo-
some recognition sites (Shine-Dalgarno sequences) at
low temperatures, thus suppressing translation. Re-
cent NMR experiments [20, 21] suggest that the melt-
ing of these strategically located RNA sequences in
response to elevation in temperature, needed for initi-
ating translating, involves potential pre-melting of the
hydration shell. Second, the versatile functional ca-
pacity of RNA can be attributed to their ability to
access low free energy conformational excitations, as
demonstrated by probing site specific motions in two
regulatory forms of RNAs from HIV-1 [22]. By un-
dergoing such motions on time scales on the order of
a few nanoseconds RNA molecules adopt a heteroge-
neous ensemble of conformations, which poises them
to recognize and bind a diverse set of ligands. The key
study on RNAs from HIV-1 shows that the ability to
access such states on a relatively short time scale shows
the ability of RNA to adapt to changing environmen-
tal stimuli, and is encoded in the sequence. Thirdly,
binding of metabolites to riboswitches to control gene
expression is likely linked to local fluctuations in spe-
cific regions of co-transcriptionally folded UTR regions
of mRNA. In all these examples hydration of RNA is
likely to play an important role.
We expect that the unique capacity of a single RNA
to change conformations rapidly (plasticity of RNA)
should lead to complex solvent dynamics of water
[7, 23, 24] and counterions [25–30] that strongly in-
teract with RNA surface. RNA, which has almost an
identical chemical composition with DNA except for
an additional hydroxyl group in the 2’-position of ri-
bose ring, displays far more complex structure and
dynamics than DNA. Unlike double-stranded DNA,
characterized with a homogeneous repeat of Watson-
Crick base pairs, structures of RNA in native state
are highly heterogeneous, which could give rise to a
great amount of variations in dynamics of water [6, 7]
and ions [25, 26, 28–31] depending on the location on
RNA surface. In order to elucidate this aspect and to
establish the “universal” structural basis of, particu-
larly, the water-induced dynamical transition in RNA,
we focus our study on water dynamics near RNA us-
ing two RNA molecules, purine- [32–37] and preQ1-
riboswitches [23]. Because the water dynamics at the
RNA surface is at least 2 orders of magnitude faster
than dynamics of monovalent counterions, water dy-
namics occurs effectively on a static electrostatic envi-
ronment. Due to their small size both riboswitch ap-
tamers, containing key structural elements (kissing in-
teractions, non-canonical base pairs, and pseudoknot),
are ideal systems to simulate and to address general
features of temperature dependent changes in RNA hy-
dration dynamics. Besides usual secondary structural
elements such as stack and loop, the purine riboswitch
has a three-way junction motif where three helices in-
tersect (Fig.1a, left). Binding of a purine metabolite
into the junction motif consolidates these three helices
into a compact structure. Similarly, preQ1 ligand and
Ca2+ ions forge the preQ1-riboswitch into a compact
conformation that adopt H-type pseudoknot in which
the nucleobases, composing the main helix (P1), stabi-
lize the adenine-rich 3’-tail via Hoogsteen interaction
(Fig.1a, right) [23, 38].
In this study, we investigate the water dynamics at
various locations in the vicinity of folded RNA surface
as a function of temperature (T ) in the range of 100 K
≤ T ≤ 310 K using atomically detailed molecular dy-
namics simulations. To study the relaxation dynamics
of water molecules, we computed the number of water
hydrogen bonds (HBs) made with each part of RNA
structure, and calculated the correlation function to
quantify the kinetics and time constant of relaxation
(τ) at each temperature. To establish the universality
of TD, we calculated the T -dependence of 〈x2〉 (see
Methods) and showed that RNAs also undergo dy-
namic transition at T = TD ≈ 200 K. Over the broad
range of temperature above T = TD the relaxation
time of water HB, τ , obeys the Arrhenius relation,
which allows us to extract the corresponding activation
energy and attempt frequency for the hydrated water
around RNA. The dynamics of water fluctuations near
the riboswitches is highly heterogeneous, reminiscent
of glass-like behavior, and is suggestive of low free en-
ergy of excitations around the putative folded state.
By comparing these parameters from the Arrhenius-fit
with those of bulk water, we show that there are dis-
tinct classes of water molecules (not all waters are the
same!) near RNA surface. The heterogeneous behav-
ior of RNA dressed with water molecules, with dynam-
ics in the nanosecond time scale, might have functional
importance.
RESULTS & DISCUSSIONS
Population of water and water hydrogen
bond on the surface of RNA: Before addressing
the hydration dynamics on RNA, we calculated the
3ADE
0 2 4 6 8 10
time (ns)
10-3
10-2
10-1
100
c j
(t)
Base
Ribose
Phosphate
10-2 10-1 100 101
10-3
10-2
10-1
100
O2’O3’
O4’O5’
OP2
OP1
(b) (c)
(a)
P1
L1
L2
A-
ric
h 
ta
il Q1
5’
3’
Ca2+
Ca2+
FIG. 1: (a) Secondary and tertiary structures of purine-
(left) and preQ1-riboswitch (right). The tertiary struc-
tures and sizes of both these RNAs, which control gene
expression in bacteria by binding adenine (indicated by
ADE) and preQ1 (shown as Q1), are dramatically dif-
ferent. The purine riboswitch consists of three paired
helices leading to a three way junction containing the
ADE binding region whereas the smaller preQ1 riboswitch
forms a pseudoknot. (b) Stick representation of a sin-
gle nucleotide indicating the atomic sites conducive to
hydrogen bond formation. (c) Correlation functions de-
scribing relaxation kinetics of water HB to the base, ri-
bose, and phosphate groups of the adenine riboswitch ap-
tamer (T = 310 K). The data for water HBs with phos-
phate, ribose, and base are fit using a sum of four ex-
ponential functions: cB(t) = 0.673e
−t/4 + 0.219e−t/81 +
0.086e−t/756 + 0.022e−t/9585, cR(t) = 0.689e−t/4 +
0.228e−t/35 + 0.066e−t/277 + 0.017e−t/2845, cP (t) =
0.569e−t/7 + 0.352e−t/65 + 0.071e−t/577 + 0.008e−t/13224,
where the time constants corresponding to τi are in the
unit of ps. The decay of the HB correlations on a log-log
scale is in the box.
average number of water molecules coordinating the
riboswitch aptamers after equilibrating the entire sys-
tem composing of RNA and solvent at T = 310 K.
We find that within 3.5 A˚ from the surface (non-
hydrogen heavy atoms) of the purine riboswitch there
are on average NH2O = 744 water molecules (water
oxygens), which corresponds to nH2O = 10.5 waters
per nucleotide. For preQ1-riboswitch, NH2O =361 and
nH2O =10.0. These water molecules can be defined as
those in the first hydration shell around the aptamers.
We find that in our simulations that the hydration
level, h, defined as the amount of hydrated water in
gram per 1 g of RNA, is h ≈ 0.59 for the purine ri-
boswitch, and h ≈0.56 for preQ1 riboswitch. The rela-
tion hpurine > hpreQ1 indicates that preQ1 riboswitch is
more compact than purine riboswitch. The calculated
values of h are similar to the experimentally measured
value for hydrated tRNA (h ≈ 0.61) [7]. Thus, generic
aspects of hydration dynamics can be inferred from
our simulations.
To reveal dynamic features of water near the RNA
surface in further detail, we counted the average num-
ber of water HBs formed with the riboswitch aptamers.
Although there are many ways of defining hydrogen
bonds [39], we use a geometric criterion, which is often
used to analyze hydrogen bonds in proteins and RNA
structures. We assume that a hydrogen-bond is formed
when, in addition to the distance criterion (< 3.5 A˚),
the angle between the hydrogen donor-acceptor axis
and the donor-hydrogen bond (O-H/N-H) is < 30o.
With this definition, there are NHB ≈ 543 HBs formed
between water molecules and the purine-riboswitch
during the simulations, which corresponds to nHB ≈
7.7 water HBs per nucleotide. For preQ1-riboswitch,
we find NHB ≈ 252 and nHB ≈ 7.0. Our previous sim-
ulations of tRNAPhe [7], whose size is comparable to
add -riboswitch, showed a similar value for the number.
We find that the formation of HB with RNA is
heterogeneous. In particular, the propensity to make
H-bond with water varies depending on the position of
a given atom in the nucleotide. In the native state, (i)
the O1P and O2P atoms of phosphate group (Fig. 1b),
which are the most exposed parts of the nucleotide to
the solvent, form about 2 − 2.5 hydrogen bonds with
water molecules. (ii) In most of the residues, atoms
O3’, O4’, and O5’ in the ribose group are less solvent
accessible, and form only about 0.5, 0.5, and 0.3 HBs,
respectively, whereas O2’ atoms form ≈ 1 HB with
water hydrogens (Fig.1b). (iii) In the base groups,
unprotonated nitrogen and oxygen (N/O) atoms
form about 0.5-1 HB with water hydrogens, but the
protonated nitrogen and oxygen (NH/OH) form < 0.5
HBs with water oxygen. As expected, the average
number of HBs with water for protonated sites are
smaller than unprotonated sites because many pro-
tonated sites participate in the formation of base pairs.
Kinetics of water hydrogen bond near RNA
surface: The abundance of water molecules around
phosphate group is easily anticipated because phos-
phate groups are not only negatively charged, but are
also the most exposed to the solvent environment in
both the native and unfolded states. Thus, it may be
tempting to conclude that the residence time of wa-
ter molecules near phosphate groups should be longer
4than ribose or base groups. However, our simulations
show that water dynamics around RNA is consider-
ably more complicated reflecting complex structure of
RNA. Surprisingly, it turns out that instead of phos-
phate groups, water exhibits the slowest relaxation dy-
namics near bases. To elucidate the complex water
dynamics near the surface of RNA, we quantify the
relaxation dynamics of the number of water HBs as
a function of time using the time correlation function
(c(t)) (see Methods).
As shown in Fig.1c, the relaxation kinetics of wa-
ter HB at T = 310 K with different nucleotide groups
(B:base, R:ribose, P:phosphate) of purine riboswitch
aptamer can be described using a multi-exponential
function cξ(t) =
∑N
i=1 φie
−t/τi with
∑N
i=1 φi = 1,
ξ =B, R, and P. (It is possible to fit c(t) using stretched
exponential function. However, we find that depend-
ing on T the fit might require more than one stretched
exponential function, making the interpretation dif-
ficult.) The multi-phasic kinetics implies that vari-
ous types of interactions with distinct time scales gov-
ern the dynamics of water molecules with nucleotides.
In Fig.1c, up to the 99.9 % of the decay of cξ(t)
can be described with N=4. Among the four phases,
the time scales of relaxation and the corresponding
weights satisfy an inequality τ1 < τ2 < τ3 < τ4 with
φ1 > φ2 > φ3 > φ4. The values of φi, satisfying
φ1 + φ2 > 0.9 and τ1 < τ2 < 100 ps, indicate that
most of water H-bond dynamics (≈ 90 %) occur on the
time scale of ∼ (1− 100) ps. The correlation function
(or survival probability) of water H-bonds drops below
10% when time t is greater than ∼ 100 ps. At short
times (t < 100 ps), hydrogen bonding of phosphate
groups with water has a longer relaxation time than
that of ribose or base with water, but at longer times
(t > 100 ps) slow water dynamics is dominated by wa-
ter molecules trapped near base and ribose although
such contribution is made by less than 10 % of the
hydrated water population. From 〈τξ〉 =
∫∞
0
cξ(t)dt,
the average lifetime of water H-bond at each group
is calculated as 〈τP 〉 = 163 ps, 〈τR〉 = 81 ps, and
〈τB〉 = 289 ps. It is worth emphasizing that the life-
time of water H-bond with base group is twice longer
than that with ribose or phosphate group. Compared
with the lifetime of HBs in bulk water (∼ 5 ps) at 310
K (see Fig.4c), the overall relaxation time of hydrogen
bonds between nucleotides and water is 1 − 2 orders
of magnitude longer, which suggests that the slow dy-
namics of water near RNA is due to stronger interac-
tions with the nucleotide or reduced diffusion constant
of water on the RNA surface. Although counterions
also play a central role in modulating RNA structure
[28–30] and binding or release dynamics of Na+ ions
at the surface of RNA would certainly perturb the wa-
ter environment, the time scales of such events are far
slower than the time scale of hydration. The relaxation
time of counterion dynamics at the surface of RNA is
〈τB〉 ≈ 9.2 ns, 〈τR〉 ≈ 62.6 ns, and 〈τP 〉 ≈ 294 ns,
which are more than two orders of magnitude slower
than that of water molecules, the details of which we
will report elsewhere. Due to the large time scale sepa-
ration between water and ion dynamics, the hydration
dynamics around RNA is expected to occur effectively
in a static quenched counterion environment.
The hierarchy of time scales needed to describe
the slow hydration dynamics is reminiscent of glassy
dynamics. As stated above, it is also possible to
fit the relaxation data using stretched exponential.
Nevertheless, the multi-phasic kinetics, originating
from the heterogeneity of conformations that RNA
samples on fast time time scales facilitated by water
(acting as a lubricant), should be distinguished from
glass-like behavior in highly supercooled materials
at low temperatures (see below, Fig.4). At T=310
K, we show that the majority (&90 %) of water HB
dynamics are well described by considering double
exponential function with two distinct time scales.
Just like proteins [40, 41], water molecules interacting
with RNA exist in diverse forms, which leads to a
broad temporal scale in dynamics. Based on the
well-separated time scales describing the decay of c(t)
we classify water molecules into bulk (∼ O(100 − 101)
ps), surface (∼ O(101−102) ps), cleft (∼ O(102−103)
ps), and buried water ( O(103) ps) [42] groups.
Hydrogen bond dynamics varies in different
RNA regions: For adenine riboswitch we performed
a similar analysis of HB relaxation dynamics by focus-
ing on the paired helices P1, P2, P3 and the junction
region (Fig.1a left). The relaxation kinetics of hydro-
gen bond at T = 310 K can be quantitatively fit using,
cP1(t) = 0.65e
−t/4.8 + 0.29e−t/42.3 + 0.06e−t/532
cP2(t) = 0.61e
−t/4.9 + 0.30e−t/52.8 + 0.09e−t/403
cP3(t) = 0.62e
−t/4.8 + 0.29e−t/52.1 + 0.09e−t/456
cJ(t) = 0.57e
−t/5.4 + 0.29e−t/65.5 + 0.14e−t/932 (1)
where t is in the unit of ps, which gives 〈τP1〉 = 88.6
ps, 〈τP2〉 = 96.3 ps, 〈τP3〉 = 88.7 ps, and 〈τJ〉 = 416
ps. Longer lifetime of water H-bond kinetics in the
junction region (〈τJ〉 > 〈τP1〉, 〈τP2〉, 〈τP3〉) implies a
greater population of water molecules trapped around
the junction region, which is stabilized by the three
helices through binding of the purine metabolite. Due
to the stronger electrostatic potential and the extent
of water molecules being buried at the junction where
the three helices meet, the dynamics of waters at the
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FIG. 2: Dynamical transition in riboswitches. Mean square
displacement of hydrogen atoms 〈x2〉 (defined in Eq.2) cal-
culated using the time interval of δt = 0.1 ns as a func-
tion of temperature. Dynamical transition temperature
of the two riboswitches are in the temperature range of
T = 180 − 200 K. The larger amplitude of motion for the
purine riboswitch above TD relative to preQ1 is related the
sizes of the RNA.
junction are less dynamic than on the paired helices.
Dynamical Transition of RNA at around 200
K: A number of studies have confirmed the existence
of dynamic transition of proteins at TD ≈ 180−220 K,
above which the temperature response of 〈x2〉 of pro-
teins changes from harmonic to anharmonic [8, 9, 43].
Similarly, starting with our early studies it is now
known that RNA molecules also undergo a similar
transition at TD. It is likely that the transition in
RNA is induced by the solvent [6, 19] although there
are differences in the dependence of TD on the extent
of hydration (h). In order to establish the universality
of the previous findings, established for tRNA, we cal-
culated MSD of hydrogen atom using the time scale of
0.1 ns for both purine- and preQ1 riboswitches. In ac-
cord with the previous study using t-RNA [6], our sim-
ulations also confirm that the dynamical transition at
T ≈ TD (Fig.2). At low temperature range (T . 180
K), MSD for both riboswitches increase almost lin-
early with the identical amplitude, but there is an on-
set of deviation between the two MSDs at T ≈ 190 K.
The amplitude of MSD for purine riboswitch (71 nt)
is larger than that of preQ1 riboswitch (36 nt), which
is consistent with an expectation of 〈x2〉 ∼ N .
The harmonic-to-anharmonic transition of MSD in
response to an increasing temperature is reminiscent
of the interpretation for proteins that the folded
protein samples alternate conformations in the rugged
free energy landscape [44]. In the case of RNAs, it
is well known that their folding landscape is rough
implying that there are easily accessible (on the
time scale of nanoseconds) excitations around the
native state [45]. Thus, it is likely that the mobility
of the water molecules in the vicinity of the RNA
surface at T > TD enables structural relaxation
[46]. Recent experimental studies using dielectric and
two-dimensional infrared spectroscopies that directly
probe both the hydration and protein dynamics
provide evidence that protein dynamics is slaved to
the surrounding solvent environment [47, 48]. For
proteins, the structural interpretation of the change
in dynamics at TD has been controversial with some
ascribing it to the rotational motion of methyl group
[49], while others argue that it is due to solvent
dynamics. In contrast to the dynamics of proteins,
the situation in RNA is simpler. Nucleic acids do
not contain methyl groups, and hence it does not
seem plausible that the change in the dynamics at TD
is mediated solely by structural transition in RNA.
It is likely that the dynamical transition RNA is
“induced” by a change in water dynamics [6]. The
hypothesis that the dynamical transition of both
protein and RNA is water-induced is also supported
by the observation that the H-bond relaxation time of
bulk water undergoes dynamic transition at T ≈ 200
K, which is comparable to the dynamic transition
temperature of surface water (Fig.4c, see below).
Enhanced ordering of surface water: Even at
T = 310 K, compared with radial distribution function
(RDF) of bulk water, the first peaks of surface water
O-H and H-H RDFs display significantly sharpened
peaks (Fig.3), suggesting that there is an enhanced or-
dering in the surface water. The first peaks of surface
water RDF, corresponding to the intramolecular bond
and geometry of water (O-H and H-H), have an order
of magnitude greater amplitude than those of bulk
water (Fig.3b), whereas the first peak of O-O pair
distribution, which is due to purely intermolecular
interactions with bulk water molecules, has almost no
difference. The enhanced ordering of surface water
is due to stronger interaction with specific atoms
on the RNA surface resulting in suppression of the
fluctuations of water molecule directly coordinated
to the nucleotides. This static picture of water RDF
with sharpened peak, is indicative of the enhanced
ordering of surface water molecule, also manifests it-
self in the water dynamics near the surface (see below).
Heterogeneity of water dynamics on RNA
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FIG. 3: Enhanced ordering of surface water. (a) Three radial distribution function (RDF) of bulk water molecules. The
first peaks of gO−H(r) (r ≈ 1.0 A˚) and gH−H(r) (r ≈ 1.6 A˚) result from the geometry within water molecule. (b) RDFs
of water molecules within 4 A˚ from the RNA surface in reference to those at bulk calculated in (a).
surface: Electrostatic potential (Fig.4a) calcu-
lated on the solvent accessible RNA surface reveals
that charge balance on RNA surface is heterogeneous,
which should result in the dynamics of hydrated water
varying depending on the local structure of RNA. Us-
ing the native structure of preQ1-riboswitch aptamer
and the electrostatic potential calculated by numer-
ically solving nonlinear Poisson Boltzmann equation
in 150 mM-monovalent salt condition as a reference
(Fig.4a), we probe the water dynamics around 24U,
29A, 33C and 35A. In 29A and 33C, the phosphate
groups, fully exposed to the solvent environment, have
a small electrostatic potential at the water-contacting
surface due to screening by counterions. The base
groups are hidden deep inside the neighboring base-
stacks, and are not easily accessible to the solvent. In
24U and 35A, the base groups are accessible to the sol-
vent although the base group of 35A is located in the
interior of the pocket formed with the L1 loop [23], and
hence has high negative charge (Fig.4a). By studying
the relaxation dynamics around these nucleotides with
differing local environment, we establish that water dy-
namics is heterogeneous.
Fig.4b shows the correlation function (c(t)) of wa-
ter HB in the bulk (left) and around 35A (right) at
various temperatures. Similar to the c(t) calculated
for B, R, P group of nucleotides at T = 310K, both
c(t) in the bulk and near the nucleotides 35A and
33C are well described by multi-phasic kinetics, i.e.,
c(t) =
∑N
i=1 φie
−t/τi . For water hydrogen-bond both
in the bulk and near 35A and 33C, at high tempera-
ture, population of fast dynamics is dominant, but as
temperature decreases the influence of slow dynamics
grows (see Appendix and Fig.A1 for the bulk water
and the caption of Fig.4 for the waters near 35A and
33C).
Dynamics of bulk water: Aside from the water dy-
namics near the surface of biopolymers, dynamical be-
havior of bulk water as a function of temperature is
also a complex topic. Thus, it would be useful to dis-
cuss the bulk water property prior to discussing the
behavior surface water. The correlation times of HB
for supercooled water in the bulk are described either
with multi-phasic kinetics up to & 90 % of the popu-
lation (the left panel on the Fig.4b) or conventionally
with stretch exponentials [50]. The time scale for the
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FIG. 4: Relaxation kinetics of water HB around RNA surface and in the bulk. (a) The structures of preQ1-riboswitch
is shown on the top, and the corresponding electrostatic potential at the molecular surface, obtained by numerically
solving the nonlinear Poisson Boltzmann equation with the APBS package [68], is shown below. (b) Temperature de-
pendence of the relaxation kinetics of water H-bond in the bulk is shown for reference. (c) Same as (b) except the left
panel shows the HB relaxation kinetics at the nucleotides 35A (left) and 33C (right). Multi-exponential functions (blue
lines) are used to fit the data at varying temperatures: c35A160K(t) = 0.05e
−t/0.76 ps + 0.20e−t/2887 ps + 0.85e−t/41976 ps,
c35A180K(t) = 0.09e
−t/0.61 ps + 0.30e−t/932 ps + 0.61e−t5133 ps, c35A200K(t) = 0.12e
−t/0.60 ps + 0.28e−t/128 ps + 0.60e−t/1441 ps,
c35A250K(t) = 0.22e
−t/0.15 ps + 0.63e−t/102 ps + 0.15e−t/592 ps, c35A300K(t) = 0.26e
−t/0.14 ps + 0.60e−t/20.7 ps + 0.14e−t/108.5 ps
for 35A; c33C150K(t) = 0.02e
−t/0.59 ps + 0.26e−t/2127 ps + 0.72e−t/5.96×10
6 ps, c33C180K(t) = 0.14e
−t/42.5 ps + 0.30e−t/1048 ps +
0.56e−t/181483 ps, c33C200K(t) = 0.11e
−t/13.7 ps + 0.54e−t/533 ps + 0.35e−t/6469 ps, c33C250K(t) = 0.41e
−t/20.7 ps + 0.46e−t/163 ps +
0.13e−t/1277 ps, c33C290K(t) = 0.48e
−t/13.4 ps + 0.42e−t/85.0 ps + 0.10e−t/1299 ps for 33C. (c) Temperature dependence of water
HB relaxation times calculated for the water molecules near 33C, 35A of preQ1-riboswitch, and for the bulk water. The
onset of deviation from Arrhenius-like behavior (τArr ∼ eA/T ) is displayed as temperature (T ) decreases below T = 200
K. The linear regression using log τArr = log τo + A/T , made for the data points with T ≥ 200 K, i.e., T0/T ≤ 1, results
in (Abulk, τ
bulk
o ) = (4.14, 0.088), (A24U , τ
24U
o ) = (7.24, 0.018), (A29A, τ
29A
o ) = (3.41, 6.11), (A33C , τ
33C
o ) = (3.75, 4.65), and
(A35A, τ
35A
o ) = (7.17, 0.021), where A has the unit of kBTr with kB being the Boltzmann constant and Tr = 310 K, and
τo has the ps unit.
8slow relaxation mode reachesO(1011) ps at T = 130 K.
The water dynamics, governed by short time dynamics
(τ ∼ O(1) ps), is most dominant at high temperature,
T ≈ 300 K (see APPENDIX), but the anomalies of wa-
ter dynamics, characterized by long relaxation times,
are further amplified as temperature is decreased. This
observation signifies that motions of water is governed
by very different types of phenomenology depending on
the time scale of observation, such as short-time free
diffusion, intermediate dynamics due to cage effect,
followed by long-time free diffusion. It is noteworthy
that even at low temperatures the contribution of fast
relaxation mode (τ ∼ O(1) ps), which could be consid-
ered as the bulk water property at high temperatures,
does not completely vanish but still remains finite at
relatively long times.
As long as T & 200 K, when the average relax-
ation time of water HB (τ) is calculated using τ =∫∞
0
dtc(t), the dependence of τ on the inverse tem-
perature (1/T ) can be described using “Arrhenius-
like” kinetics (Fig.4c). The linear regression using
log τArr = log τbulko + A/T , made for the data points
with T ≥ 200 K, i.e., T0/T ≤ 1, results in Abulk = 4.14
kBTr with Tr = 310 and τ
bulk
o = 0.088 ps. Of par-
ticular note is that the value of τ bulko is similar to
Eyring’s transition theory estimate h/kBTr ≈ 0.15 ps
[51]. The HB relaxation time of supercooled water
can be described over the entire temperature range
(150 ≤ T ≤ 310 K) by using the Vogel-Fulcher-
Tamman (VFT) equation often used to analyze tem-
perature dependence of shear viscosity in glass form-
ing materials. When the τ vs T plot for bulk water
is fitted to Vogel-Fulcher-Tammann (VFT) equation,
τVFT = τVFTo e
DTc
T−Tc (dashed line in Fig.4c), we obtain
D = 3.00, Tc = 116.3K, and τ
V FT
o = 0.95 ps. The
small value of D suggests that bulk water may be a
strong liquid at low temperatures.
Dynamics of surface water: Compared with bulk
water, the dynamics of water molecules near RNA
is slower by 1-2 orders of magnitude in the studied
temperature range (Figs.4b, c). Water molecules hy-
drated near RNA surface, however, also have a hier-
archical structure in dynamical property (Fig.4). At
T = 300 K, the water HB dynamics is well fit using
c(t) = 0.26e−t/0.14ps + 0.60e−t/20.7ps + 0.14e−t/109ps,
suggesting that the water HB dynamics is governed by
the time scale of O(101)−O(102) ps with the contri-
bution from bulk water-like property being only ≈ 26
%. It would be more appropriate to interpret the hy-
drated water near RNA surface with longer time scale
by using, RNA structure-dependent description such
as, “surface”, “cleft”, and “buried”-water instead of
“cage effect” in supercooled water in the bulk. As tem-
perature is decreased, the contribution of the “bulk”-
water (τ ∼ O(1) ps) diminishes and the contributions
from “surface”, “cleft”, and “buried”-water becomes
more dominant in the population of water interacting
with RNA.
The relaxation dynamics of HB for surface wa-
ter can also be analyzed using Arrhenius equation
over the temperature range T > 180 K (Fig.4c): (i)
A24U , A35A ≈ 2A29A, 2A33C , 2Abulk suggests that the
activation energies associated with breaking water H-
bond from 24U and 35A are twice larger than those as-
sociated with 29A, 33C or bulk waters; (ii) Each class
of τbulko , τ
24U
o , τ
35A
o (≈ (0.01−0.08) ps) and τ29Ao , τ33Co
(≈ (4−6) ps) has the time constant in a similar range.
Note that 24U and 35A have a base group accessible
to the solvent environment, while 29A and 33C do not.
The similarity of time constants of 24U and 35A with
that of the bulk water indicates that the diffusional
property of water interacting with 24U and 35A are
effectively identical to that of bulk water. Therefore,
the above analysis allows us to divide the water dy-
namics near RNA at least into two classes. One is the
class in which activation barrier for water HB disrup-
tion is increased but the time constant for vibration
remains identical to bulk water (water around 24U,
35A); the other is the class in which activation barrier
remains identical but the time constant for vibration
is reduced by two orders of magnitude from that of
bulk water (water around 29A, 33C).
CONCLUDING REMARKS
Despite fundamental difference between the chem-
ical composition of RNA and proteins (for example
RNA with limited chemical diversity in the nucleotides
is highly charged along the phosphodiester backbone
whereas there is considerable diversity in the makeup
of natural protein sequences), we find that globally
there are some similarities in the hydration dynamics
in these biopolymers. Similar to proteins, RNA dis-
plays a dynamical transition signaling a harmonic-to-
anharmonic change in the MSD at the near universal
dynamical temperature, TD ≈ 200 K. This near uni-
versal value for TD suggests that the dynamical tran-
sition has more to do with solvent dynamics than with
any conformational fluctuations associated with RNA
or protein, as this study and others previously have
surmised [6, 52].
Water molecules interacting with RNA surface ex-
hibit a broad spectrum of time scales, reflecting the
underlying architecture of the folded RNA. At the
ambient temperature, dynamics of bulk water occurs
on the time scale of ∼ O(1) ps as assessed in terms
of hydrogen bond formation and disruption [53]. In
9sharp contrast, near RNA surface the time scale of
water HB with nucleotides exceeds ∼ O(102) ps. Al-
though bulk and surface water molecules constitute
the major population near RNA surface, there is non-
negligible population of water molecules whose time
scale of interaction with nucleotide extends beyond
nsec. From the simulation trajectories we find that
these water molecules are either trapped in the nar-
row space formed between base-base stack, coordi-
nated with multiple phosphate oxygens simultaneously
or with specifically bound multivalent counterions [54].
Fluctuations in these regions, which clearly require
coordinated motion of several water molecules, must
play an important role in ligand recognition by RNA,
as suggested by NMR experiments [22]. We classify
these as functional water molecules because the dy-
namics associated with these discrete waters might be
responsible for the motions identified in experiments
[20, 21].
Our focus here was restricted to the elucidation of
very slow dynamics associated with surface waters and
those discrete molecules in the cleft of RNA, which re-
mains folded. An intriguing question is: what role do
these water molecules play in the folding process? It
is known that the persistence length of RNA decreases
dramatically as RNA folds [55, 56]. This implies that
the ordered state of RNA is more flexible than the
unfolded state, which is drastically different compared
to proteins. Based on the present study, we speculate
that in the unfolded state, with exposed phosphate and
bases, the dynamics of water associated with RNA is
also slow, perhaps even more so than when RNA is
folded. In this case, we expect that water molecules
have to disorder to some extent before ions can sta-
bilize the folded state. Thus, in the folding of RNA
water molecules should exhibit rich dynamics.
The dynamics of nucleic acids spans far greater time
scales than proteins. Consequently, over a period of
time RNA samples a larger class of conformations with
ease because of the small stability gap [45] separating
the folded states and alternate structures. As a result
it is likely that RNA, even in the functional state, ex-
hibits persistent heterogeneity or molecule-to-molecule
variations [57–59]. It is plausible that in conjunction
with ion dynamics, temporal scale spanned by water
in association with RNA also stretches out over many
orders of magnitude. If this were the case then dis-
crete water molecules whose motions are coordinated
with RNA structural transitions might be involved in
function as well.
Structural motions lubricated by the discrete water
molecules associated with RNA are pivotal in facili-
tating molecular interactions with cosolvents as well
as with ligands or metabolites. Recently, we showed
that water molecules are critical for “inducing” the
base pair fluctuations, so that urea molecule can in-
teract more easily with nucleobases [23]. In the ab-
sence of surface water, the urea concentration required
for denaturing nucleic acids rises to as high as 10 M
[60]. Similarly, dehydration of water around RNA due
to stabilizing osmolytes such as TMAO involves inter-
play of interactions between water and cosolvents [61].
These aspects are worthy of future investigations.
METHODS
All-atom Molecular Dynamics (MD) Simu-
lation: We used the molecular dynamics package
NAMD [62] to perform atomically detailed simulations
for the 71-nt adenine riboswitch (PDB code: 1Y26)
[34] and 36-nt preQ1 riboswitch (PDB code: 2L1V)
[23] aptamers under CHARMM27 force field. For ade-
nine riboswitch containing five bound Mg2+ ions, we
added 60 sodium ions by placing each ion around the
phosphate group of RNA backbone, to make the whole
system charge neutral. The system is then solvated us-
ing the SOLVATE program in the VMD package [63]
in an explicit TIP3P water solvent box. A buffer of
water are added around the molecule for at least 15
A˚ in all directions, resulting in total 63,632 atoms in
the system. PreQ1 riboswitch is solvated in a 60 A˚ ×
60 A˚ × 60 A˚ box containing 6267 TIP3P water. To
neutralize the charges on the phosphates and the two
Ca2+-bound to the aptamer we placed 51 Na+ and 20
Cl− ions, which results in∼ 150 mM salt concentration
in the bulk, randomly in the box. The resulting sys-
tem was equilibrated as described elsewhere [23]. Non-
bonded interactions are smoothly switched to zero be-
tween 10 and 12 A˚ yielding a cutoff radius of 12 A˚.
The systems are periodically replicated. The particle-
mesh Ewald algorithm is used for treating long-range
electrostatic interactions with a grid spacing smaller
than 1 A˚ [64]. The integration time step is 2 fs with
the SHAKE method being used [65]. The energy of
the system is first minimized and gradually heated to
the desired temperature. We generated a 5−10 ns pro-
duction run at each temperature under constant N , P ,
and T conditions.
Despite inaccuracies (especially for divalent cations
such as Mg2+) in the current force field for nucleic
acids [54, 66], our simulation and analysis on hydra-
tion dynamics show semi-quantitative agreements
with experimental measurements. Our conclusion on
water dynamics near RNA surface as well as at the
bulk still holds.
Mean square displacement or fluctuation of
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hydrogen atoms: The operational definition of 〈x2〉
is,
〈x2〉 = 1
NH
1
T − δt
∫ T−δt
0
NH∑
i=1
[~xi(t+ δt)− ~xi(t)]2 dt
(2)
where ~xi is the position of i-th hydrogen atom, NH is
the total number of hydrogen atoms in a molecule, T
is the length of trajectory, and δt is the time interval
used to compute the MSD.
Correlation function to probe water
hydrogen-bond kinetics: To probe the dynamics
of water HB at the surface of RNA quantitatively, we
calculate the correlation function defined as follows
[67]
c(t) = 〈h(0)h(t)〉
=
1
N
1
T − t
∫ T−t
0
N∑
i=1
hi(t
′ + t)hi(t′)dt′. (3)
The function h(t) describes whether a HB is formed
between an atom in RNA and a water molecule at
time t. If a HB is formed, the value of h is 1, otherwise,
h = 0. The symbol 〈. . .〉, which is explicitly written
in the second line, denotes a time average along the
trajectory and an ensemble average over the number
of HBs (N) we are interested in. The correlation
function c(t) corresponds to the survival probabil-
ity of the HB at time t, given that it is intact at time 0.
Acknowledgements: C.H. thanks Korea Insti-
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APPENDIX
For completeness we analyzed the relaxation kinetics of hydrogen bonds of water in the bulk. Tri-exponential
function fits at various temperatures to the hydrogen-bond dynamics of bulk water in Fig.4b. In the correlation
functions below the time is in ps unit.
cbulk310K(t) = 0.614e
−t/1.62 + 0.357e−t/7.99 + 0.039e−t/55.4,
cbulk300K(t) = 0.563e
−t/1.74 + 0.395e−t/7.99 + 0.042e−t/54.6,
cbulk290K(t) = 0.580e
−t/2.03 + 0.379e−t/9.54 + 0.041e−t/63.4,
cbulk280K(t) = 0.508e
−t/2.15 + 0.432e−t/9.10 + 0.060e−t/59.46,
cbulk270K(t) = 0.597e
−t/2.76 + 0.374e−t/13.72 + 0.029e−t/109.6,
cbulk260K(t) = 0.542e
−t/2.90 + 0.407e−t/13.79 + 0.051e−t/94.52,
cbulk250K(t) = 0.450e
−t/3.08 + 0.482e−t/13.49 + 0.068e−t/93.56,
cbulk240K(t) = 0.482e
−t/4.07 + 0.462e−t/18.76 + 0.056e−t/131.5,
cbulk230K(t) = 0.367e
−t/4.20 + 0.548e−t/18.69 + 0.085e−t/123.0,
cbulk220K(t) = 0.547e
−t/7.62 + 0.413e−t/37.05 + 0.040e−t/264.9,
cbulk210K(t) = 0.351e
−t/7.18 + 0.574e−t/33.38 + 0.075e−t/221.0,
cbulk200K(t) = 0.264e
−t/7.43 + 0.592e−t/40.032 + 0.144e−t/235.0,
cbulk190K(t) = 0.115e
−t/3.90 + 0.667e−t/49.69 + 0.218e−t/259.8,
cbulk180K(t) = 0.093e
−t/3.23 + 0.659e−t/97.83 + 0.248e−t/463.4,
cbulk170K(t) = 0.066e
−t/2.47 + 0.521e−t/129.75 + 0.413e−t/720.4,
cbulk160K(t) = 0.066e
−t/6.35 + 0.243e−t/287.9 + 0.691e−t/1571,
cbulk150K(t) = 0.052e
−t/1.45 + 0.411e−t/543.4 + 0.537e−t/1.07×10
5
,
cbulk140K(t) = 0.033e
−t/0.953 + 0.756e−t/2307 + 0.211e−t/1.74×10
7
,
cbulk130K(t) = 0.049e
−t/9.53 + 0.139e−t/453.2 + 0.812e−t/1.09×10
11
.
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FIG. A1: The parameters (weight (φi) and time scale (τi))
determined for the tri-exponential function used to fit the
bulk water dynamics in the left panel of Fig.4b.
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